In the present study, in situ microbending experiments on magnesium single crystalline microcantilevers are presented. Microcantilevers with pentagonal cross-section were fabricated by focus ion beam. Two basic crystallographic orientations of the microcantilevers were investigated: {0001} and {10-10}, i.e., the c-axis perpendicular to and parallel with the cantilever top surface, respectively. After bending, the longitudinal sections of the microcantilevers were analyzed using electron backscatter diffraction to investigate the crystal lattice rotations and accumulated deformations. The stress levels in the loaded cantilevers are strongly dependent on the crystal orientation. Extension twins were found in the {10-10} cantilevers.
Introduction
Magnesium is a lightweight material. Due to its low density and high strength-to-weight ratio and as well as its potential for a wide range of applications [1, 2] , magnesium has received a great deal of attention. One of the serious obstacles in using magnesium is its anisotropic behavior. In order to characterize the anisotropic mechanical properties, or deformation mechanisms, mechanical properties of Mg single crystals have been studied since the beginning of the search for lightweight materials [3] [4] [5] [6] [7] . During macroscopic sample preparation, some unattended and undesirable deformations may occur, which then complicate these studies of the deformation mechanisms. Recent advances in in situ mechanical tests on micrometric samples, micromachined using SEM/FIB (scanning electron microscope/focused ion beam), have yielded methods offering strong advantages over the traditional mechanical testing methods [8] . Furthermore, with emerging small-scale engineering applications, such as microelectromechanical systems and various microcomponents, the mechanical properties of magnesium at micro-scale are of interest. Since mechanical properties at micro-and macro-scale may differ due to various size-scale phenomena [9] [10] [11] , further studies are necessary to determine the possibility of using miniature magnesium components for biomedical and aerospace applications [12, 13] .
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Generally, the stress distribution in the bent cantilevers is of three kinds: (i) Tension stress prevails (in the tension zone), (ii) compressive stress prevails (in the compression zone of the cantilevers), and (iii) no stress component prevails (e.g., the corner area of the fixed end of the cantilever). If the other stress components in the tension and compression zones are neglected, Schmidt factors can be expressed easily for each slip/twinning system. Table 3 summarizes the largest Schmidt factors m1 calculated according to a past paper [26] and the corresponding slip/twinning systems for either zone of each cantilever sample. Figure 3 shows the maximum tensile stress due to bending, s z , versus deflection for samples A, B, C, and D (z is the longitudinal axis of the microcantilever). Stress s z was obtained from formula 2 from a past paper [24] (s = PLy/I). The curves associated with samples A and B show high stresses and no stress drop. On the contrary, the curves associated with samples C and D display lower stresses and a significant stress drop suggesting ongoing twinning deformation mechanism. Figure 3 shows the maximum tensile stress due to bending, sz, versus deflection for samples A, B, C, and D (z is the longitudinal axis of the microcantilever). Stress sz was obtained from formula 2 from a past paper [24] (s = PLy/I). The curves associated with samples A and B show high stresses and no stress drop. On the contrary, the curves associated with samples C and D display lower stresses and a significant stress drop suggesting ongoing twinning deformation mechanism. 
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Generally, the stress distribution in the bent cantilevers is of three kinds: (i) Tension stress prevails (in the tension zone), (ii) compressive stress prevails (in the compression zone of the cantilevers), and (iii) no stress component prevails (e.g., the corner area of the fixed end of the cantilever). If the other stress components in the tension and compression zones are neglected, Schmidt factors can be expressed easily for each slip/twinning system. Table 3 summarizes the largest Schmidt factors m 1 calculated according to a past paper [26] and the corresponding slip/twinning systems for either zone of each cantilever sample. Table 3 . The largest Schmidt factors m 1 calculated according to a past paper [26] on the condition of neglecting all the stress components except tension/compression and the corresponding slip/twinning systems for either zone of each cantilever sample. In agreement with Table 3 , extension twins were observed in the tension zone of sample C (see Figure 2 ) and contraction twins were observed in no sample. However, in disagreement with Table 3 , no extension twin was observed in the compression zone of sample A, although extension twinning usually has the lowest critical resolved shear stress among the possible slip/twinning systems [27] .
Cantilever
Generally, {10-12} <10-1-1> extension twining, the most commonly occurring twinning mode in Mg [28] , is the most favorable when a tensile stress is acting along the c-axis of Mg crystal [29] . On the other hand, {10-11} <10-12> contraction twinning occurs only in some cases such as high strain rate when a compressive stress is acting along the c-axis of Mg crystal [8, 30] . It is worth mentioning that deformation twinning is inhibited in polycrystalline Mg alloy samples with grain refinement less than 3 µm as fine grains do not satisfy critical twinning stress before slip occurs [31] . However, such grain size does not apply to samples A, B, C, and D. The influence of grain size and other factors (including Schmidt factors) on deformation twinning is studied using statistical analyses in a past paper [32] . In the case of orientation C, the c-axis of Mg crystal is parallel with the cantilever axis. Therefore, the extension twins form in the tension zone of the cantilever ( Figure 2C ). In the case of orientation D, both tensile and compressive stresses are applied perpendicularly to the c-axis of Mg crystal. According to a past paper [29] , forming extension twins is suppressed in the tension zone in such a case. As for forming extension twins in the corner part of the fixed end of cantilever D, their formation cannot be easily predicted because of no stress component prevails in this area, i.e., the loading is multi-axial. Figure 2 also shows that all the longitudinal sections are bent, perhaps due to inelastic deformation (it is worth of noting that the shapes shown do not truly express inelastic deformation of the samples because of several reasons, such as the FIB cut was not precisely parallel with the cantilever axis.) The probable presence of inelastic deformation may indicate local crystal misorientations as a result of dislocation motion. Therefore, Kernel Average Misorientation (KAM) analysis was additionally carried out (the KAM images are not shown in this study). The analysis reveals that the largest misorientations (up to 2 • ) appear near to the fixed end, forming a narrow band (samples A and B) and at boundaries of the extension twin areas (samples C and D). The observed misorientations are likely a result of dislocation motion in places of stress concentration and tightly around the extension twin areas.
Generally, bending a microcantilever results in a complex multi-axial loading. Thus, the stress distribution in the cantilever can be determined only by carrying out the FEA. Some models for plastic deformation of hexagonal metals have been developed [33, 34] , however these models, mostly implemented in the finite-element software Abaqus, require input parameters not available to us currently. Therefore, in this study only elastic loading is analyzed. Figure 3 indicates that deflections equal or less than 0.4 µm certainly induce an elastic response of the cantilever (corresponding to maximum stress about 276 MPa in Figure 3) . Therefore, in our FEA model, the prescribed deflection was just 0.4 µm. Furthermore, the following elastic constants C 11 = 58 GPa, C 12 = 25 GPa, C 13 = 20.8 GPa, C 33 = 61.2 GPa, and C 55 = 16.6 GPa taken from a previous paper [35] were input into the FEA. The following value of mass density of Mg, ρ Mg = 1738 kg/m 3 was used in the FEA. Figure 4 shows the vertical mirror plane (red color) of the microcantilever. This plane was chosen for calculation of von Mises stress distribution in the individual microcantilevers ( Figure 5 ) for deflection 0.4 µm. The stress distributions for microcantilevers A, B, C, and D do not differ qualitatively. The largest von Mises stress is always found at the bottom of the fixed end of the microcantilevers. The quantitative differences in the stress distribution among samples A-D are due to: (i) differences in the geometric parameters and (ii) differences in the crystal orientations. In order to see quantitative differences due to various crystal orientations among microcantilevers A, B, C, and D, elastic strain energy density in the fixed bottom corner was evaluated for the fixed cantilever dimensions (L = 20 µm, w = b = 3 µm and h = 4.5 µm, which corresponds to the prescribed dimensions) and shown in Table 4 . Beside the elastic strain energy density, total elastic strain energy and the calculated {measured} forces corresponding to deflection 0.4 µm are summarized in Table 4 . The total elastic strain energy was calculated also for the fixed cantilever dimensions (L = 20 µm, w = b = 3 µm and h = 4.5 µm) whereas forces were calculated for the real cantilever dimensions. Table 4 . The calculated elastic strain energy density in the fixed bottom corner, calculated total elastic strain energy, and the calculated {measured} forces belonging microcantilevers A, B, C, and D, assuming deflection equals 0.4 μm. Table 4 . The calculated elastic strain energy density in the fixed bottom corner, calculated total elastic strain energy, and the calculated {measured} forces belonging microcantilevers A, B, C, and D, assuming deflection equals 0.4 μm. Table 4 indicates that various crystallographic orientation arrangements A, B, C, and D make difference in stress and strain distributions in respective elastically loaded microcantilevers A, B, C, and D. The calculated {measured} forces corresponding to deflection 0.4 μm for cantilevers A, B, C, and D were 62, 42, 104, and 90 μN, {72, 57, 102, and 94 μN}, respectively. A partial reason for the deviation between the calculated and the corresponding measured force values might be the fact that some edges of the microcantilevers were rounded. There is almost a perfect agreement between the calculated and the corresponding measured forces values in the case of samples C and D, whereas a significant disagreement in the case of samples A and B exists. The cross-section areas of samples A and B are smaller than those of samples C and D. Therefore, mechanical properties of samples A and B might be influenced by Ga ion implantation during FIB more than in the case of samples C and D. Table 4 indicates that various crystallographic orientation arrangements A, B, C, and D make difference in stress and strain distributions in respective elastically loaded microcantilevers A, B, C, and D. The calculated {measured} forces corresponding to deflection 0.4 µm for cantilevers A, B, C, and D were 62, 42, 104, and 90 µN, {72, 57, 102, and 94 µN}, respectively. A partial reason for the deviation between the calculated and the corresponding measured force values might be the fact that some edges of the microcantilevers were rounded. There is almost a perfect agreement between the calculated and the corresponding measured forces values in the case of samples C and D, whereas a significant disagreement in the case of samples A and B exists. The cross-section areas of samples A and B are smaller than those of samples C and D. Therefore, mechanical properties of samples A and B might be influenced by Ga ion implantation during FIB more than in the case of samples C and D.
Conclusions
Pure magnesium single crystal was oriented into four various crystallographic orientations in the fabricated microcantilevers either with c-axis perpendicular to or parallel with the cantilever top surface. The stress-deflection curves were obtained from in situ microbending experiments. The basal plane orientations (A, B) showed high bending stresses and no change of crystallographic orientation in the volume. The prismatic plane orientations (C, D) revealed extension twinning. The formation of extension twins in the tension zone of sample C and the absence of contraction twins in all the samples was in agreement with the performed Schmidt factor evaluation. The presented finite element analysis carried out for elastic loading showed (i) that the orientation arrangements make difference in strain energy densities and total strain energies, (ii) an agreement {a disagreement} between the calculated and the corresponding measured forces values for samples C, D {A, B}. The disagreement might be caused by a greater impact of Ga ion implantation during FIB changing mechanical properties of samples A and B. 
